In the light of the increasing burden of pollutants in major rivers and stringent environmental legislation, adaptation to eco-friendly treatment approaches is desperately required to decontaminate industrial effluents before its discharge to rivers and other fresh water-bodies. In present study, we have designed a simple and efficient method for removal of phenols from effluent wastewater using an immobilized preparation of HRP (horseradish peroxidase). The enzyme was isolated in bulk amount from the roots of the Armoracia rusticana and covalently immobilized to polycarbonate supports using a photolabile linker FNAB (1-fluoro-2-notro-4-azidobenzene). The immobilized enzyme showed enhanced storage stability and reusability. The immobilized HRP was subsequently used for degradation of phenols in sewage and spiked wastewater. The phenol content of spiked wastewater was reduced to 93% in the 3 L reactor following treatment with immobilized HRP and H 2 O 2 . The improvement in the quality of water upon treatment was reflected by the changes in pH, conductivity, TDS (total dissolved salts) and biodegradation of organic contents as indicated by 77% and 87% reduction in COD (chemical oxygen demand) and BOD (biochemical oxygen demand) respectively in the analyzed sample.
Introduction


Phenolic compounds are common contaminants of water bodies connected with the industrial effluents from petrochemical, organic chemical, resins, plastic and textile industries [1] [2] [3] [4] . Majority of phenols are toxic substances, and some are known or suspected carcinogens classified as hazardous wastes [5] . As per ISI (Indian standard institution) limits, the permissible limit of phenol/phenolic compounds in inland water resources should not cross 0.001 mg/L (permissible concentration of phenols in wastewater can cause enormous damage to both the aquatic and human lives. Therefore, removal of phenol and its derivatives from contaminated water before discharge into river or other water bodies is strongly recommended to save aquatic organisms and preserve the environmental quality [6, 7] . Various conventional methods have been applied to remove phenols from wastewater including steam distillation, liquid-liquid extraction, adsorption, solid-phase extraction, wet air oxidation, catalytic wet air oxidation and biodegradation [8] .
With further advancement in technologies, newer methods like electrochemical oxidation, photo-oxidation, coronation, UV/H 2 O 2 , Fenton reaction, membrane processes and enzymatic treatment have been used for phenol degradation [2-4, 9, 10] . Still, many of these methods have disadvantages like low efficiency, high cost, partial removal and formation of hazardous by-products [11] [12] [13] . Hence, the need to develop an efficient, simple and scalable method for removal of phenolic contaminants from wastewater still persist. Enzymes such as peroxidases obtained from horseradish, soybean and other plant sources have been used to remove phenols from waste effluents in the presence of hydrogen peroxide [14] [15] [16] [17] . In presence of H 2 O 2 , the native HRP (horseradish peroxidase) is oxidized to an active intermediate (HRPi) that catalyzes oxidation of aromatic compounds, producing a free radical (AH•) and returns to its native state (HRP). The released free radicals, in bulk solution, form polyaromatic products, which are water-insoluble and remove as precipitate [9, 17, 19] . As shown in the following reaction steps Eqs. 
The major issue with peroxidases is the reduction in phenol removal efficiency at low concentrations of the enzyme due to the inactivation of the enzyme. Use of higher concentrations of purified enzyme can lead to tremendous increase in capital investment for bulk purification facility. Also, the separation of enzyme from treated water is not possible without its immobilization on some solid supports [20] . As the immobilization of enzymes may solve such limitations, several approaches for covalent and non-covalent immobilization of peroxidase enzyme to solid matrices are reported in the literatures [21] [22] [23] [24] [25] . The covalent approach is usually preferred as that it restricts the loss of enzyme, allowing more enzymes per unit amount of degradable phenolic contaminants.
To develop a simple and scalable method for enzymatic removal of phenolic contaminants from wastewater effluents, we have immobilized HRP on PC (polycarbonate) discs and used it to degrade the phenolic contaminants in sewage water. Further, the effect of PEG (polyethylene glycol) addition on HRP activity during dephenolization was studied. Finally, the immobilized preparation of HRP was used in a lab-made wastewater treatment cell (bioreactor; 3 L capacity) to study its effectiveness in lowering the phenolic contaminants in the collected sewage wastewater samples. A comparison of treated and untreated wastewater was made in terms of change in physical parameters like pH, salinity, conductivity, TDS (total dissolved salts) and chemical parameters including residual phenolic contaminants, ammonia (NH 3 ), sodium (Na + ) and chloride (Cl -) ions, nitrates (NO 3 -) and nitrites (NO 2 -), BOD (biochemical oxygen demand) and COD (chemical oxygen demand).
Experimental Setup
Chemicals and Reagents
Phenol, p-chlorophenol, potassium ferricyanide, 4-aminoantipyrine (4-AAP), ammonium sulphate, polyethylene glycol (PEG; average molecular weight 3,350) were purchased from SRL (scientific research laboratory), India Pvt Ltd. Hydrogen peroxide (H 2 O 2 ; 30%, v/v), was purchased from Merck Life Science Pvt. Ltd. Bengaluru, India. Photolinker FNAB was synthesized using 4-fluoro-3-nitroaniline (Sigma-Aldrich, Germany) as reported earlier in Ref. [26] . Photo irradiation of polycarbonate discs was carried out at a wavelength of 365 nm in a UV Stratalinker, model-2400, (Stratagene, USA). Polycarbonate sheets were purchased from the local market (New Delhi, India). All the experiments were carried out in triplicates. The absorbance of samples was recorded in an ELISA reader (BioRad laboratories India).
Isolation and Purification of HRP
Horseradish peroxidase was isolated and purified from the roots of horseradish (Armoracia rusticana) according to previously reported procedure [27] . Briefly, the roots of horseradish were crushed to collect the homogenate. Crude HRP was obtained from the collected homogenate using ammonium sulphate precipitation (90% saturation) and dialysed in 5 mM acetate buffer (pH 4.4) for overnight. Next, the collected crude enzyme was fractioned on an ion exchange column (Whatman's carboxymethylcellulose CM52) to obtain partially purified enzyme. Further purification was carried out using size-exclusion chromatography on HiPrep Sephacryl S-100 HR column (GE Healthcare Life Science, India). (4) We measured the enzyme activity of the purified HRP using modified Worthington method [28] . During the HRP biocatalysis, the hydrogen donor couple phenol/4-aminoantipyrine was converted to a pink-coloured reagent with maximum absorption (λ max ) at 510 nm, which was used in the assay of HRP Unit activity was measured as:
Measurement of HRP Activity
where 3 is the total volume of assay solution, 0.1 mL is the volume of enzyme and df is the dilution factor.
The molar extinction coefficient (Ɛ) of chromogenic dye (phenol/4-aminoantipyrine solution) is 7,100/M cm [29] .
Activation of Polycarbonate Disc
Circular polycarbonate discs (total surface area = 50-180 cm 2 ) were prepared for covalent immobilization of HRP by covering them with the ethanolic solution of FNAB (1.82 mg FNAB per 30 µL ethanol) followed by the evaporation of ethanol in a dark fume hood to form a layer of FNAB over the PC discs. The discs were then irradiated with UV light at 365 nm in a UV-Stratalinker for 15 min [30] . After this, the unreacted FNAB on PC-discs was removed by ethanol wash and the discs were air-dried to get the FNAB activated disc ready for covalent immobilization.
Immobilization of HRP onto Activated Polycarbonate Discs
The activated PC discs were taken in petri dishes and loaded with different amounts (0.25-4 U/mL) of HRP in phosphate-buffered saline (0.1 M PBS, pH 7.0). Immobilization was carried out in a laboratory
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incubator by 45 min incubation at 50 °C. After incubation, the discs were washed with washing buffer (0.1 M PBS, pH 7.0 with 0.1% Tween 20) and stored at 4 ºC. The unbound HRP from activated PC discs was collected to determine the immobilization capacity and the concentration of residual HRP in solution was determined by the method of bicinchoninic acid [31] . The amount of the immobilized enzyme was calculated as:
where, Q is the amount of HRP immobilized per unit area of polycarbonate discs (mg/cm 2 ), C 0 and C are the concentrations (mg/mL) of HRP before and after the immobilization. V is the volume of the used HRP solution, and A is the surface area of the polycarbonate discs.
Effect of pH and Temperature on the Activity of Immobilized HRP
The activity of immobilized and free HRP was checked at different pH (3 to 6 in 0.1 M citrate-phosphate buffer and 7 to 9 in 0.1 M phosphate buffer). The effect of temperature on the enzymatic activity of immobilized and free HRP was determined by measuring the residual activity after 60 min incubation in 0.1 M phosphate buffer, pH 7.0 at various temperatures (27 °C-60 °C).
Degradation of the Phenolic Compounds in Spiked MilliQ Using PC-HRP
Oxidative degradation of phenol and p-chlorophenol using the immobilized HRP was studied in petri dishes containing 2 mL of 128 mg/L phenolic mixture (in MilliQ water) and PC-HRP disc (total surface area = 48 cm 2 ) in 7.75 mL of 0.1 M PBS, pH 7.0. The enzymatic reaction was initiated by adding 0.25 mL of 10 mM H 2 O 2 after which the assembly was incubated for 3 h at room temperature. Degradation of phenolic compounds was monitored by withdrawing 200 µL aliquots from the reaction mixture and estimating the residual phenols by the colorimetric method as reported earlier [32] . Briefly, the assay was carried out by mixing 200 µL of collected phenolic sample with 25 µL of 83.4 mM K 3 Fe(CN) 6 (in NaHCO 3 ) and 25 µL of 20.8 mM of 4-aminoantipyrine (in 0.25 M NaHCO 3 ). The reaction was incubated for 2-5 min, after which the absorbance was measured at 510 nm. The absorbance units provide an estimate of the non-degraded phenols. Also, the protective effect of PEG on the enzymatic activity of immobilized HRP during dephenolization was studied. For this, the PC-HRP discs (total surface area = 48 cm 2 ) were loaded with 10 mL solution of the prepared phenol contaminated water (64 mg/L of each phenol and p-chlorophenol in MilliQ water) and incubated in presence of different amount of PEG (0.25, 0.5, 1.0, and 2.0 mg/mL) for 3 h at room temperature. After stipulated time, the residual phenol in each sample was measured and plotted as relative activity (HRP) against PEG concentrations.
Degradation of the Phenolic Compounds in Sewage Wastewater Using PC-HRP
An assembly for enzymatic degradation of phenolic contaminants in sewage water was prepared by attaching the HRP-immobilized PC-discs to a rod (shaft) fitted to an inverted mixer. The rod along with its inverted-mixer was mounted in a glass beaker of 3 L capacity. The beaker was filled with sewage water collected from the local drain (Najafgarh Drain; collection point-Kingsway Camp, Delhi, India). The enzymatic reaction was initiated by adding H 2 O 2 to a final concentration of 0.25 mM. This followed the addition of optimised concentration of PEG. The sample was kept stirring (100-120 RPM) with the help of fitted PC-HRP discs. Total phenol in sewage wastewater before and after treatment (at 1 h, 2 h, 3 h and 14 h intervals) was measured using the colorimetric method [32] . Various physiological and chemical parameters of the collected sewage water and nitrites (NO 2 -), BOD and COD were also measured before and after treatment. Total dissolved salts, pH, salinity and conductivity measurements were performed on Seven Excellence™ pH/conductivity/ion meter (model-S400, METTLER TOLEDO, Switzerland). The nitrates and nitrites were detected using the spectrophotometric method as reported elsewhere shown in Ref. [33] . Determination of ammonia was performed using the Orion AQUAfast AC4010 ammonia ultra low range auto-test ampoules with the Orion AQUAfast AQ4000 colorimeter (Thermo Scientific). Analysis of sodium and chlorine was made using kits availed from HACH, USA. BOD and COD measurements were performed as per "Standard Analytical Procedures for Water Analysis" set up by Central Water Commission, Govt. of India [34] .
Reusability and Storage Stability of Immobilized HRP
The reusability of PC-immobilized HRP for phenolic degradation was investigated in a 3 L bioreactor. During each reusability experiment, the bioreactor system was operated for 2 h. The storage stability of immobilized HRP was determined after 0, 2, 4, 8 and 16 days storage in a sealed polyethylene bag in a refrigerator at 4 °C. The activity of immobilized HRP was expressed as percentage of its residual activity with respect to their initial activity.
Results and Discussion
Preparation of HRP Immobilized PC-discs
We have isolated and purified HRP enzyme from the roots of Armoracia rusticana using a low-cost setup. A yield of 80 mg purified HRP was obtained from 1 Kg horseradish (Fig. 1) . The calculated specific activity of the purified lyophilized HRP obtained after ion-exchange and size exclusion chromatography was 100 U/mg. The polycarbonate discs for covalent immobilization of HRP were prepared by activating their surfaces using an aryl azide-based heterobifunctional crosslinker, FNAB. The linker coated discs were exposed to UV light to generate highly reactive nitrene, which attaches covalently to PC surface through C-H bond insertion [26, 35] . This activated polycarbonate having an active fluoro group enables bio-conjugation of HRP through the amino group of the enzyme when incubated at an elevated temperature of 40-50 ºC [36] .
Further, we determined the immobilization capacity of HRP over PC discs by measuring the residual protein in left over unreacted HRP collected from immobilization experiments in which varying concentrations (0.25, 0.5, 1, 2, 4 U/mL) of HRP (specific activity = 100 U/mg) were immobilized onto the activated PC discs (total surface area = 1 cm 2 ).
The immobilization capacities were calculated using Eq. (6). An optimal immobilization of 1.0 U/cm 2 was
achieved. This suggests a PC disc of radius 1 meter would require 3.14 mg purified HRP (sp. Activity = 100 U/mg), which is considerably a cost-effective amount of enzyme. Furthermore, the enzymatic degradation of o-phenylenediamine by the PC-HRP discs showed that HRP retain its enzymatic activity after immobilization 
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( Fig. 2) . Control assay performed with untreated PC discs carrying physically adsorbed HRP produced an insignificant absorbance reads, suggesting an absolute requirement of chemical linkers for enzyme immobilization onto PC discs. Polycarbonate was taken as model support for enzyme immobilization because of its stability (both thermal and mechanical) and chemical inertness.
Optimizing the Reaction Parameters for Maximum Activity of the Immobilized HRP
The effect of pH on the activity of free and immobilized HRP was studied at pH 3-9. Citrate-phosphate buffer, 0.1 M was used to study the effect of pH in the range of 3-6, while phosphate buffer, 0.1 M was used for pH of 7-9. As shown in Fig. 3a , the maximum relative activity of immobilized and free enzyme was obtained at pH 7.0. Nevertheless, at any pH (except pH 7.0), the relative activity of immobilized HRP has remained higher than the free enzyme. This broadening in the pH profile of HRP upon immobilization could be explained by change in charge interactions upon formation of strong covalent bond between surface and enzyme [37, 38] .
Similarly, the thermal stability of the immobilized and free HRP was determined by incubating them in PBS (0.1 M PBS, pH 7.0) for 60 min at 27 ºC, 40 ºC, 45 ºC, 50 ºC, 55 ºC and 60 °C, respectively. The residual activity of immobilized and free HRP was calculated with respect to its initial activity at room temperature of 27 ºC. As shown in Fig. 3b , both the immobilized and free enzyme retained similar activity at low temperatures of up to 50 °C, beyond which the activity of both immobilized and free HRP got decreased with increasing temperature. As expected, it was found that the PC-immobilized HRP retained approx 89% of its initial activity after 60 min incubation at 60 °C, whereas free enzyme retained only 73% of its initial activity at corresponding time and temperature. This suggests that the enzymatic activity and stability of HRP improve upon immobilization onto PC discs. Increase in thermal stability of HRP upon immobilization could be contributed to the same strong interactions between enzyme and support that affect the intra-molecular forces responsible for maintaining the conformation, Fig. 2 Analysing the activity of immobilized HRP. Enzymatic conversion of colourless o-phenylenediamine (dihydrochloride) solution to an orange-brown coloured product using physically adsorb (un-activated) and chemically (using FNAB; activated) immobilized HRP on PC discs. 
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Efficient Removal of Phenol and p-chlorophenol from Spiked MilliQ Water
To test the capacity of the developed PC-HRP system to remove phenols from water samples, we added 64 mg/L phenol and 64 mg/L p-chlorophenol to MilliQ water. The enzymatic degradation of phenols was studied at different time points; the PC-HRP disc with total surface area of 48 cm 2 (1.0 U/cm 2 ) degraded 80% phenols in first 30 min, 94% in 60 min and 96% phenols upon 3 h incubation (Fig. 4a) . Like previous observations of 90% phenol degradation using purified HRP, we achieved an efficiency of 96% polymerization using the immobilized HRP [19, 40, 41] . The efficiency of phenol reduction can be enhanced by either increasing the enzyme concentration or by increasing the incubation time. However, longer incubations can result in enzyme inactivation, leading to low conversion [42] . Previous reports suggest that the presence of additives such as PEG enhance enzyme performance for the treatment of wastewater containing a range of phenol concentrations between 47-1,500 mg/L [43] . Accordingly, we used additive PEG (0-2 mg/mL) for its protective action on HRP during removal of phenol and p-chlorophenol. As shown in Fig. 4b , the HRP retains 93% of its initial activity in the presence of PEG at an optimal concentration of 1 mg/mL after 3 h incubation in the spiked phenolic water (128 mg/L phenols). Whereas, only 35% HRP activity was monitored in samples carrying no PEG. In HRP-catalysed phenolic reactions, the HRP inactivation mainly occurs as a result of sorption/occlusion by polymeric products (HRP adsorption on precipitated products occludes its active sites) [44] or upon heme-destruction (generated free radicals react and inactivate the heme-centre in HRP) [45] . This improvement in the efficiency of HRP by PEG addition during dephenolization is due to the formation of a protective layer in the vicinity of the active centre of HRP which restricts the attack of free phenoxy radicals and help in effectively suppressing the heme-destruction by co-dissolved PEG [44] [45] [46] .
Removal of Phenolic Contaminants from Sewage Wastewater
The removal of phenolic contaminants from the collected sewage wastewater was performed in a 3 L glass beaker assembly as shown in Fig. 5 . Due to lack of open sites of discharge of industrial effluents in Delhi, we have used water samples collected from local drain, which majorly contains the household sewage. Before and after treatment analysis of collected wastewater showed 91% reduction in phenolic content. The initial concentration of phenols in the collected wastewater sample was calculated to 2-3 mg/L. As the collected wastewater majorly contains the household sewage, such a low amount of phenolic contamination was expected. Interestingly, after 3 h of oxidative degradation by PC-HRP, the phenolic contamination has reduced to 0.22 mg/L. Because the collected wastewater had low level of phenolic contaminants, to obtain an ideal sample for analysis, we have added phenol (10 mg/L), p-chlorophenol (10 mg/L), 2, 4-dichlorophenol (5 mg/L), catechol and 2, 4-dimethylphenol (5 mg/L) to a total concentration of 30 mg/L phenols in the collected wastewater sample. Enzymatic treatment of this spiked wastewater using the prepared assembly of PC-HRP resulted in phenol reduction by 81% in 1 h treatment, which further reduced to 93% in 2 h and 95% upon 3 h of treatment (Table 1) . A further increase in the incubation time (e.g. overnight) showed no further reduction in phenolic contaminants. The improvement in the quality of water upon treatment 1.49 ± 0.27 95 This sample was spiked sewage wastewater. The 0-hour sample is the untreated wastewater. Concentrations of phenols are calculated from a standard graph prepared using the colorimetric method of phenol determination. BOD is a measure of the organic pollution of water. It determines the amount of dissolved oxygen (mg of O 2 consumed per liter of sample) needed by aerobic biological organisms to break down organic material present in a given water sample at certain temperature (e.g. 27 °C) over a specific time period (e.g. 3 days). Unlike BOD, the COD measures the oxygen required to oxidize all carbon compounds in a solution. BOD and COD values of phenol-spiked wastewater were measured before and after treatment. As shown in Table 2 , the BOD value dropped from 208 mg/L to approximately 26 mg/L after enzymatic treatment, suggesting the 87% reduction in oxygen demand for biodegradation of organic pollutants. On the other hand, COD reduction of almost 77% was achieved upon treatment with immobilized HRP. Such observations are also reported by other authors [47, 48] .
The significant decrease in BOD and COD values of treated spiked-wastewater demonstrated the effectiveness of the proposed method to transform phenolic into precipitable simpler compounds.
Reusability and Storage Stability of Immobilized HRP
The reusability of immobilized HRP in degradation of the phenolic compounds in sewage wastewater was studied using inverted mixture as described in section 2.9. As we observed 93% degradation in phenolic content in 2 h treatment, we therefore selected cycles of 2 h to investigate the efficiency of phenol removal by immobilized HRP. We found that after 4 cycles of phenol degradation, the efficiency of HRP get reduced to 60%. However, this can be improved by quick washing of HRP-immobilized disc with MilliQ or respective buffer in order to remove the deposited phenolic precipitate and other contaminant which may interfere in enzyme-substrate interactions [12] .
Furthermore, storage stability of immobilized HRP was investigated by storing the immobilized preparation of HRP in a sealed polythene bag in refrigerator at 4 °C for two weeks and thereafter studying the phenolic degradation. We found the immobilized HRP could fully retain its activity upon two week storages. This suggests that the immobilized enzyme could be stored at 4 °C for at least two weeks without loss of activity.
Conclusions
Direct discharge of industrial effluents enriched in toxic and carcinogenic phenolic pollutants to water bodies can pose a serious threat to human lives. This study investigates the effectiveness of immobilized HRP for phenol degradation in sewage wastewater. The present method reduced the total phenol concentration in sewage wastewater by 91-95%. Beside dephenolization, the treated water showed
